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Abstract This paper presents a comparative study on
heat transfer in a packed column. Two methods of heating
are considered: microwave and convective. Transient one-
dimensional mathematical models were proposed to
describe the both alternatives. To account for significant
differences in the temperatures between the gas and solid
phase a heterogeneous model was applied in the modelling.
The numerical simulations were carried out for different
operating conditions. The effects of the gas inlet temper-
ature and the microwave power, the bed porosity, the
penetration depth of microwaves and the gas velocity were
examined. The simulation results were compared on the
basis of the time profiles of the average bed temperature
and the outlet gas temperature. The same electric power
utilized in the microwave heated packed column and the
convective heated packed column was established as the
key criterion for the comparisons. The compared profiles
intersect indicating the time ranges in which the one or the
other solution provides higher temperature of the bed. It
was displayed that the microwave heated packed column
should be preferred when longer heating times are required.
In turn, the convective heated packed column is the better
choice when shorter heating times are needed.
List of symbols
cp Specific heat capacity [J/(kg K)]
d, D Diameter (m)
Dp Penetration depth of microwaves (m)
F Surface area of the packed column (m2)
h Heat transfer coefficient [W/(m2 K)]
k Thermal conductivity [W/(m K)]
L Length (m)
_m Gas mass flow rate (kg/s)
P0 Incident microwave power (W)




T Average temperature (K)
vz Axial gas velocity (m/s)














el?heat Heat electrical energy conversion into heat
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Microwave heating (MH) offers many advantages over
convective heating (CH). Unlike CH, MH is direct, volu-
metric, selective and practically instantaneous [1]. More-
over, it can be more cost effective than CH, as shown in the
previous work [2]. For these reasons, the use of MH can be
more sensible than CH under certain operating conditions.
MH of a packed bed in a rectangular waveguide was
widely investigated by Ratanadecho et al. A two-layered
packed bed composed of the frozen and unfrozen layers
was examined in [3, 4]. Two different configurations were
tested—the frozen layer below and above the unfrozen
layer. The results revealed that the direction of melting
against the incident microwaves strongly depended on the
configuration of the two-layered packed bed. In another
paper, the microwave drying process was investigated [5].
The results showed that the variation of particle sizes and
initial moisture content influences the degree of penetration
and rate of microwave power absorbed within the sample.
In turn, the effects of layered configuration, layered
thickness, and operating frequency in different packed beds
were numerically investigated in [6]. It was demonstrated
that all these parameters have significant effect on tem-
perature profiles in the packed bed. The effects of particle
size, sample dimension, position inside the waveguide and
microwave frequency in a saturated packed bed composed
of glass beads and water were displayed in [7]. Recently,
the effects of diameter, porosity, position and types of
particles that have different thermal and dielectric in two-
layered packed bed were studied [8]. It was concluded that
the thermal and dielectric properties strongly influence heat
transfer mechanism in each layer of the packed bed.
Zhu et al. studied MH of non-Newtonian fluids: apple
sauce, skim milk and tomato sauce flowing in a circular [9]
and rectangular [10] applicators. The applicators were
located in a microwave cavity exited in TE10 mode at
915 MHz. A 3D mathematical model was developed to
predict the distribution of electromagnetic field, dissipated
power, temperature and velocity in the liquids. Electro-
magnetic field inside the cavity and liquids was described
by Maxwell’s equations which were solved by finite dif-
ference time domain (FDTD) method while momentum
and energy balances were calculated by the finite control
volume method. The effects of dielectric properties of the
fluid, the applicator geometry and its location in the
microwave cavity were examined. Zhu et al. also investi-
gated MH of a liquid carrying a single large solid particle
[11] and multiple large particles [12] flowing in a circular
applicator. The power absorption and temperature distri-
butions in the liquid and particles were studied.
Two main approaches are applied in mathematical
modelling to quantify the heat produced within a material
due to microwaves: Maxwell’s equations [3–8] and the
Lambert’s law [13–19]. While the former approach leads to
determination of the spatial distribution of electromagnetic
field, the latter one assumes an exponential decay of
microwave power in the heated material. Although mod-
elling based on the Lambert’s law gives only more or less
approximate to the exact solution obtained with Maxwell’s
equations, it is frequently used because of its simplicity.
Nevertheless, the Lambert’s law gives rather reasonable
results when a heated sample is thick enough, i.e. when the
depth of a sample is larger than the penetration depth of
microwaves.
It should be emphasised that a complete mathematical
model of heat transfer in a packed bed subjected to MH
should be composed of the coupled Maxwell’s and energy
equations. The coupling is a consequence of the tempera-
ture dependence of the dielectric properties. The FDTD
method is frequently used to solve Maxwell’s equations [3–
12]. As the time scale for an integration of Maxwell’s
equations at microwave frequencies is many orders of
magnitude lower than the time scale for an integration of
energy equation, an iterative procedure has to be
established.
In this work, heat transfer in a packed column of non-
porous particles due to MH and CH is investigated. Instead
of the commonly used pseudo-homogeneous model the
heterogeneous model was applied in the simulations of the
packed column. Such the approach was motivated by the
expected significant differences in the temperatures
between the gas and solid phase. Therefore, transient one-
dimensional mathematical models composed of the energy
balance equations for the packed bed, gas and the column
wall were formulated and numerically solved for the both
heating methods. Because this study was focused rather on
finding the differences between the both heating methods
than finding the strict solution the Lambert’s law was
employed in the modelling of MH to approximate the
spatial variation of electromagnetic filed in the packed
column. The calculations were carried out for the same
electric power utilized for heating in the both packed col-
umns. It gave the opportunity to compare the resulting
temperature distributions under different heating condi-
tions. Similar approach was applied in the previous work
[2], which was aimed at determining the critical efficiency
factors of microwave energy conversion into heat for
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different operating conditions. However, while a uniform
temperature of the packed bed has been assumed in that
prior work, the time and spatial distributions of temperature
are taken into account in this work.
2 Mathematical model
This numerical study is based on two transient one-
dimensional mathematical models for the microwave
heated packed column (MHPC) and the convective heated
packed column (CHPC). These models are composed of
two sets of partial differential equations (PDEs) for the bed
of particles, gas, and the column wall together with the
appropriate sets of the initial and boundary conditions.
Because of expected significant differences in the temper-
atures between the gas and the solid phase the heteroge-
neous model is employed in the simulations for the both
packed columns.
Radial variations of temperature are not considered in
the modelling as the generalized criterion is met [20, 21]







where L is the packed column length, Di is the inner
diameter of the packed column, mz is the average interstitial
velocity, DR is the radial dispersion coefficient. This cri-
terion has been validated for the two extreme limits of the
particle Reynolds numbers which are characteristic for the
performed simulations. When Rep exceeds 100 the radial
Peclet number Per equals 11 [22]. Therefore, the right hand
side of the inequality (1) is about 4.4 in this case. In the
other limit, as Rep number is approx 36, the right hand side
of this inequality is about 4. Comparing these results with
the ratio L/Di, which equals 7.5 in these simulations, dis-
plays that the criterion (1) is satisfied in the range of
applied conditions. Concluding, the transient one-dimen-
sional heterogeneous mathematical models are used in the
modelling to describe heat transfer in the both packed
columns.
Axial dispersion of heat is neglected in the CHPC model
since the particle Reynolds number is above 100 and L/ds
C50. On the other hand, axial dispersion was taken into
account in the MHPC model because much less intense gas
flow rate is usually needed in such apparatus since heat is
delivered to the packed bed not indirectly by convection
but directly by microwaves.
The effective axial thermal conductivity, ke,z, was cal-







þ 0:8Re Pr ð2Þ
where kg is the molecular thermal conductivity of gas,
and ke,z
o is the effective static axial thermal conductivity.
For the purpose of this work, the ratio ke,z
o /kg was
assumed to be 7.5 (as for glass beads in [23]). Please note
that ke,z
o is attributed to the effective axial thermal con-
ductivity in the particles, kes, while ke,z is assigned to the
effective axial thermal conductivity in the gas, keg, in the
MHPC model.
The proposed models give rather approximate solutions
due to several assumptions made in the models formula-
tions. They are as follows:
I. Electromagnetics
1. The spatial distribution of dissipated microwave
power in the packed column is approximated by
the Lambert’s law.
2. The penetration depth of microwaves is a param-
eter of the MHPC model and it is assumed
independent of temperature.
II. Heat transfer
1. The axial dispersion of heat is neglected in the
CHPC model and the plug flow is assumed.
2. The density, heat capacity and thermal con-
ductivity of the column wall and particles are
constant.
Table 1 Characteristics of the simulated system
Packed column
Length, L (m) 1
Inner diameter, Di (m) 0.2
Outer diameter, Do (m) 0.22
Wall density, qw (kg m
-3) 7,841
Wall heat capacity, cpw (J kg
-1 K-1) 456
Wall thermal conductivity, kw (W m
-1 K-1) 50.3
Efficiency factor of electrical energy conversion into heat,
gel?heat
0.95
Efficiency factor of electrical energy conversion into
microwaves, gel?mw
0.5
Gas inlet temperature in MH, Tgin,MH (K) 293




Diameter, ds (m) 0.005
Density, qs (kg m
-3) 2,400
Heat capacity, cps (J kg
-1 K-1) 1,090
Thermal conductivity, ks (W m
-1 K-1) 1.035
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2.1 Characteristics of the simulated packed bed
As it was mentioned earlier, two different heating methods
of the packed column are compared in the numerical
simulations. They are schematically shown in Fig. 1. The
dimensions of the packed column are displayed in Fig. 2
and characteristics of the system are summarized in
Table 1.
While heat is supplied to the packed column with a
preheated convective gas stream in the CHPC, it is pro-
duced directly by microwaves in the MHPC. The theoretical
efficiency factor of electrical energy conversion into heat is
1 because all the energy embodied in the electric current is
converted into heat in the resistance wire of a heater [24].
However, the heater is usually equipped with a fan blowing
the heat off the wire. As the fan consumes some electric
energy, the total efficiency factor for the heater is lower than
1. In this model, the assumed total efficiency factor of
electrical energy conversion into heat, gel?heat, is 0.95. In
turn, the efficiency factor gel?mw describes the effectiveness
of electrical energy conversion into microwaves. The
reported values of the factor for magnetrons are: 0.5 [25],
0.5–0.65 [26], 0.6–0.7 [27], 0.8 [28]. In this work, the
conservative value of the factor was assumed.
2.2 Governing equations
This section presents balance equations for heat transfer in
the MHPC and CHPC.
1. The energy balance in the bed of particles can be







þ 6 1 eð Þ
ds
hg Tg  Ts
 þ _Qmw
ð3Þ
where e is the porosity of the packed bed, qs is the density
of particles, cps is the specific heat of particles, Ts is the
temperature of particles, Tg is the gas temperature, kes is the
effective thermal conductivity of the particles, ds is the
particle diameter, hg is the heat transfer coefficient between
the particles and gas, Qmw is the local volumetric heat
dissipation due to microwaves.
The spatial distribution of the dissipated microwave









where P0 is the incident microwave power at the inlet face
of the packed column, F is the surface area of the inlet face,











where k0 is the wavelength of microwaves, e0 is the
dielectric constant, e00 is the dielectric loss.
In the case of the CHPC model, the local volumetric heat
dissipation due to microwaves, _Qmw, has to be omitted in the
balance Eq. (3). Also, the first term in the right hand side of
Eq. (3) vanishes since axial dispersion of heat can be neglected.










þ 6 1 eð Þ
ds




hi Tw  Tg
 
: ð6Þ
where qg is the gas density, cpg is the specific heat of gas,
keg is the effective thermal conductivity of the gas phase,
Tg is the gas temperature, Tw is the wall temperature, hi is
the heat transfer coefficient between the gas and wall, Di is
the inner diameter of the packed column.
In the case of the CHPC model the first term in the right
hand side of Eq. (6) vanishes since axial dispersion of heat
can be neglected.
3. The energy balance in the column wall is defined for









hi Tg  Tw
  4
Do
ho Tw  Tað Þ
ð7Þ
Fig. 1 Schematic diagram of the MHPC—the upper half of the




Fig. 2 Schematic diagram of the simulated packed column.
Di = 0.2 m, Do = 0.22 m, L = 1 m
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where qw is the wall density, cpw is the specific heat of the
wall, kw is the thermal conductivity of the wall, Ta is the
ambient temperature, ho is the heat transfer coefficient
between the wall and the surrounding air, Do is the outer
diameter of the packed column.
The electric power needed to produce the incident
microwave power, P0, with the efficiency of energy con-
version gel?mw can be defined as follows:
Pel ¼ P0gel!mw
ð8Þ
where gel?mw is the efficiency factor of electrical energy
conversion into microwaves.
The electric power needed to preheat a flowing gas from






where _mCH is the gas mass flow rate, and gel?heat is the
efficiency factor of electrical energy conversion into heat.
2.3 Initial and boundary conditions
The initial and boundary conditions have to be specified to
solve the appropriate sets of the balance equations for the
MHPC and CHPC. They are summarized in Table 2. Ini-
tially, the column wall, bed of particles and gas are
assumed to be in thermal equilibrium with the ambient air.
Therefore, their initial temperatures are identical. Regard-
ing the boundary conditions for the MHPC model, the
classical Danckwerts condition was applied for the packed
bed and the column wall at the inlet and outlet faces of the
column. In turn, Dirichlet conditions were set at the inlet
boundary and Danckwerts condition at the outlet boundary
for the gas. In the case of the CHPC model some boundary
conditions vanish because axial dispersion of heat can be
neglected (see Table 2 for details).
2.4 Numerical procedure
The proposed two sets of balance equations for the MHPC
and CHPC are PDEs [except simplified Eq. (3) ordinary
differential equation (ODE) for the CHPC]. The method of
lines (MOL) along with the uniform grid finite-difference
technique was used to obtain the temperature distributions
in time and space [29]. More strictly, the MOL was applied
for the spatial discretization in one-dimensional domain
and integration in time of the resulting system of ODEs. A
grid sensitivity analysis was performed. Based on this
analysis a chosen final number of axial grid points was 400.
A fourth-order (five point) biased-upwind finite-difference
and a fourth-order (five point) centered finite-difference
approximation were applied for the first spatial derivative
qTg/qz and the second spatial derivatives q
2Ts/qz
2, q2Tw/
qz2, respectively. A stagewise differentiation was used to
calculate the second derivatives. An efficient variable order
solver based on the numerical differentiation formulas
(ode15 s) was employed to integrate the systems of ODEs
in Matlab (The MathWorks, Inc.).
It should be stressed that the resulting temperature dis-
tributions for the MHPC and CHPC were compared using
the criterion according to which the electric power for the
both methods must be the same (Eqs. 6, 7).
3 Results and discussion
A numerical integration of the model equations for the
MHPC and CHPC using the criterion mentioned in the
Table 2 Initial and boundary conditions for the MHPC and CHPC




Boundary conditions, t[ 0
at z = 0 oTs




at z = L oTs
oz ¼ 0 (only for the MHPC model)
oTg
oz ¼ 0 (only for the MHPC model)
oTw
oz ¼ 0
The ambient temperature, Ta ¼ 293 (K)





















Fig. 3 Comparison of the bed temperatures for the MHPC (dotted
lines) and CHPC (solid lines). The simulation parameters: Tgin;CH ¼
320K, Tgin;MH ¼ 293K, P0 ¼ 1478W, Dp/L = 0.5, e = 0.5. The
electric power for the both methods was approx 2.96 kW
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previous section gave the temperature distributions in the
packed bed, gas and the wall of the packed column
(Figs. 3, 4, 5). Since a comparison of the packed bed
temperatures between the MHPC and CHPC using the
profiles presented in Fig. 3 is quite inconvenient, to sim-
plify interpretation of the results, an unambiguous criterion






Concerning the gas phase, time profiles of the outlet gas
temperature are also more convenient for discussion of the
results than the distributions presented in Fig. 4. All
recalculated profiles are presented in Figs. 6 and 7. As
follows from these figures the steady state was reached in
the CHPC after approx 800 s. On the other hand the
average bed temperature and the outlet gas temperature
increase constantly in the MHPC. Obviously, it is due to
the absorbed microwave power which is higher than the
heat power lost from the system. It should be noted that the
average bed temperature is higher for the CHPC than
MHPC up to approx 850 s at the same electric powers
applied; the opposite situation is for longer times.
In the next sections the effects of different operating
conditions on the performance of the packed columns are
presented. The conditions of the performed simulations are



















200 s 400 s
600−1000 s
Fig. 4 Comparison of the gas temperatures for the MHPC (dotted
lines) and CHPC (solid lines). For the simulation parameters see
Fig. 3. The electric power for the both methods was approx 2.96 kW


















Fig. 5 Comparison of the column wall temperatures for the MHPC
(dotted lines) and CHPC (solid lines). For the simulation parameters
see Fig. 3. The electric power for the both methods was approx
2.96 kW
















Fig. 6 Comparison of the average bed temperature vs. time for the
MHPC (dotted lines) and CHPC (solid lines). For the simulation
parameters see Fig. 3. The electric power for the both methods was
approx 2.96 kW














Fig. 7 Comparison of the outlet gas temperature vs. time for the
MHPC (dotted lines) and CHPC (solid lines). For the simulation
parameters see Fig. 3. The electric power for the both methods was
approx 2.96 kW
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summarized in Table 3. Please notice that because of the
same electric power used in the both packed columns, each
inlet gas temperature corresponds to the different incident
microwave power in Table 3.
3.1 Effect of the gas inlet temperature
The effect of the gas inlet temperature on the average bed
temperature and the outlet gas temperature are displayed in
Figs. 8 and 9, respectively. The numerical simulations
were performed for three different gas inlet temperatures:
320, 373 and 413 K and the related incident microwave
powers (see Table 3). Two ranges can be distinguished in
the compared profiles of the average bed temperature in
Fig. 8. A transition between them is determined from the
intersection of the corresponding temperature profiles for
the CHPC and MHPC. It is typical for the obtained results
that the transition is always in the second section of the
temperature profile for the CHPC. Comparing both corre-
sponding profiles it can be concluded that the average bed
temperature is higher for the CHPC than MHPC in the first
range, while the opposite relation is observed in the second
range.
The results displayed in Fig. 9 are also of interest. One
can distinguish three ranges in the outlet gas temperature
profiles. While the temperature in the first and third range
is higher for the MHPC than CHPC, this relationship is
reversed in the second range.
3.2 Effect of the bed porosity
The effect of bed porosity on the average bed temperature
and the outlet gas temperature are displayed in Figs. 10 and
11. The simulations were performed for three different bed
porosities: 0.2, 0.5 and 0.8. Please note that the character of
the temperature profiles in Figs. 10 and 8 is the same.
However, instead of the gas inlet temperature, the bed
porosity affects the new results in Fig. 10. It can be seen
from this figure that when the bed porosity increases, the
average bed temperature increases as well. Two effects
should be taken into account to understand this behavior.
The first one is related to the change in the heat capacity of
the solid particles per unit volume of the bed, (1 - e)qscps.
Please note that this term decreases with the bed porosity
increase. As a result the bed temperature in the both packed
columns is more susceptible to changes in the heating
Table 3 Conditions of the
performed numerical
simulations
Parameter Set 1 Set 2 Set 3 Set 4
MH1 CH1 MH2 CH2 MH3 CH3 MH4 CH4
Tgin,CH (K) – 320 – 373 – 373 – 373
373
413
P0 (W) 1,478 – 4,382 – 4,382 – 2,191 –
4,382 4,382
6,580 8,764
e (-) 0.5 0.2 0.5 0.5
0.5
0.8
Dp/L (-) 0.5 0.5 0.2 0.5
0.5
0.8
Y ¼ _mCH= _mMH(-) 100 100 100 50
100
200





























Fig. 8 Influence of the inlet gas temperatures and the related incident
microwave powers on the average bed temperatures in the CHPC
(solid lines) and MHPC (dotted lines). The corresponding simulations
performed for the same electric power utilized in MH and CH
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conditions. The second effect is related to the decrease of
the specific surface area of the packed bed and the inter-
stitial velocity with the increasing bed porosity. Naturally,
it leads to deterioration of the heat transfer between the bed
and the gas. In the case of the MHPC, in which heat is
produced directly in the packed bed, this deterioration of
the heat transfer even increases accumulation of heat in the
packed bed. In turn, in the case of the CHPC, in which heat
is transferred from the hot gas to the packed bed, this
deterioration of the heat transfer has to be a limiting factor.
However, it is less influential than the former effect as it is
apparent from Fig. 10. Concluding, the heat capacity of the
solid particles per unit volume of the bed, (1 - e)qscps is
the deciding factor when analyzing an influence of the bed
porosity on the average bed temperature in the both packed
columns.
Naturally, the time profiles of the outlet gas temperature
shown in Fig. 11 are closely related to the corresponding
time profiles of the average bed temperature presented in
Fig. 10. Therefore, the former profiles present exactly the
same dependence on the bed porosity.
3.3 Effect of the penetration depth
The effect of the penetration depth of microwaves on the
average bed temperature and the outlet gas temperature is
shown in Figs. 12 and 13. The simulations were performed
for three different ratios Dp/L: 0.2, 0.5 and 0.8. At the first
glance, it might seem puzzling that the average bed temper-
atures calculated for these penetration depths with Eq. (10)
and presented in Fig. 12 differ. The answer is the definition of
the penetration depth, which is known as the characteristic
distance at which the power density decreases to 37 % of its
initial value at the surface (see Eq. 3). As a consequence,
when the ratio Dp/L increases, an amount of microwave
energy which is transmitted through the bed and is lost to the
surrounding air also increases. In the extreme case, when the
ratio Dp/L is equal 1, the power density at the far end of the
packed column decreases to 37 % of its initial value at the
surface (see Table 3). This effect explains the higher rates of
the temperature increase for the lower ratios Dp/L.
Please note that the microwave energy distribution also
has a clear impact on the outlet gas temperature profiles
(Fig. 13). With the decreasing ratio Dp/L the outlet gas
temperature decreases as well. It is a result of the packed



























Fig. 9 Influence of the inlet gas temperatures and the related incident
microwave powers on the outlet gas temperatures in the CHPC (solid
lines) and MHPC (dotted lines). The corresponding simulations
performed for the same electric power utilized in the both methods

























Fig. 10 Influence of the bed porosity on the average bed tempera-
tures in the CHPC (solid lines) and MHPC (dotted lines). The
corresponding simulations performed for the same electric power
utilized in MH and CH
























Fig. 11 Influence of the bed porosity on the outlet gas temperatures
in the CHPC (solid lines) and MHPC (dotted lines). The correspond-
ing simulations performed for the same electric power utilized in the
both methods
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bed temperature distribution in which the highest temper-
atures are shifted towards the entrance of the packed col-
umn while the packed bed on the other side of the column
has relatively low temperatures. Naturally, the gas tem-
perature corresponds to the solid temperature. It is worth
noting that when the ratio Dp/L decreases MH is especially
advantageous since the difference between the average bed
temperature and the outlet gas temperature increases. It
means that less heat is removed from the column with the
convective gas stream (Table 4).
3.4 Effect of gas velocity
The effect of gas velocity on the average bed temperature
and the outlet gas temperature is presented by changing the
following Y ratio in the simulations
Y ¼ _mCHPC= _mMHPC: ð11Þ
The defined Y ratio only affects the gas mass flow rate
for the CHPC because the constant gas mass flow rate has
been assumed for the MHPC (see Table 1). Please note that
a change in the mass flow rate for the fixed bed porosity
also changes the gas velocity which, in turn, influences heat
transfer between the gas and the packed bed.
The simulation results carried out for different Y ratios
are shown in Figs. 14 and 15. The character of the tem-
perature profiles is the same as in the previous figures. Heat
transfer between the gas and the packed bed is enhanced
when the gas velocity increases. This effect accounts for
the temperatures of the gas and bed that increase with the
increasing Y ratios in the CHPC. However, when the gas
mass flow rate increases in the CHPC, the electricity
consumption predicted by Eq. (9) also increases. To meet
the criterion of the same electric power applied in the both
packed columns the incident microwave power has to be
recalculated for every simulation. The recalculated micro-
wave powers are summarized in Table 3. Obviously, an
increase of the microwave power fully explains the
observed effect of the increasing bed and gas temperatures
for increasing Y ratio.

























Fig. 12 Influence of the ratio
Dp/L on the average bed
temperatures in the CHPC (solid
lines) and MHPC (dotted lines).
The corresponding simulations
performed for the same electric
power utilized in MH and CH
























Fig. 13 Influence of the ratio Dp/L on the outlet gas temperatures in
the CHPC (solid lines) and MHPC (dotted lines). The corresponding
simulations performed for the same electric power utilized in the both
methods
Table 4 Ratios of microwave powers dissipated in the bed and the
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4 Conclusions
The following conclusions can be drawn from the numer-
ical simulations of the heat transfer under the same electric
powers utilized in the MHPC and the CHPC:
1. Two ranges can be distinguished in the corresponding
profiles of the average bed temperature for the CHPC
and MHPC. The transition between these ranges can be
determined from the intersection of those profiles. It is
typical for the compared profiles that the temperature
in the first range is higher for the CHPC than MHPC,
while the opposite relationship is observed in the
second range. Therefore, when longer heating times
are expected, the MHPC should be preferred. This
transition time depends on all examined parameters
being: the ratio of the penetration depth of microwaves
and the column length, the incident microwave power
and the inlet gas temperature, the bed porosity and the
Y ratio.
2. Three ranges can be distinguished in the corresponding
outlet gas temperature profiles for the CHPC and
MHPC. The transitions between these ranges can be
found in the above described manner. It is typical for
the compared profiles that the outlet gas temperature is
higher for the MHPC than CHPC in the first and the
third range, while it is lower for the MHPC than CHPC
in the second range. The outlet gas temperature
decreases with decreasing the incident microwave
power, the bed porosity and the ratio of the penetration
depth of microwaves and the column length.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.


























Fig. 14 Influence of Y ratio on
the average bed temperatures in
the CHPC (solid lines) and
MHPC (dotted lines). The
corresponding simulations
performed for the same electric
power utilized in MH and CH
























Fig. 15 Influence of Y ratio on
the outlet gas temperatures in
the CHPC (solid lines) and
MHPC (dotted lines). The
corresponding simulations
performed for the same electric
power utilized in the both
methods
732 Heat Mass Transfer (2015) 51:723–733
123
References
1. Metaxas AC (1991) Microwave heating. Power Eng J 5:237–247.
ISSN: 09503366
2. Cherban´ski R (2011) Calculation of critical efficiency factors of
microwave energy conversion into heat. Chem Eng Technol
34:2083–2090. doi:10.1002/ceat.201100405
3. Ratanadecho P, Aoki K, Akahori M (2001) A numerical experi-
mental investigation of the modelling of microwave melting of
frozen packed beds using a rectangular wave guide. Int Commun
Heat Mass 28:751–762. doi:10.1016/S0735-1933(01)00279-2
4. Ratanadecho P, Aoki K, Akahori M (2002) The characteristics of
microwave melting of frozen packed beds using a rectangular
waveguide. IEEE T Microw Theory 50:1495–1502. doi:10.1109/
TMTT.2002.1006410
5. Ratanadecho P, Aoki K, Akahori M (2002) Influence of irradia-
tion time, particle sizes, and initial moisture content during
microwave drying of multi-layered capillary porous materials.
J Heat Transf 124:151–161. doi:10.1115/1.1423951
6. Klinbun W, Rattanadecho P (2012) Numerical model of micro-
wave driven convection in multilayer porous packed bed using a
rectangular waveguide. J Heat Transf 134:042605. doi:10.1115/1.
4005254
7. Klinbun W, Rattanadecho P, Pakdee W (2011) Microwave
heating of saturated packed bed using a rectangular waveguide
(TE10 mode): influence of particle size, sample dimension, fre-
quency, and placement inside the guide. Int J Heat Mass Trannsf
54:1763–1774. doi:10.1016/j.ijheatmasstransfer.2011.01.015
8. Klayborworn S, Pakdee W, Rattanadecho P, Vongpradubchai S
(2013) Effects of material properties on heating processes in two-
layered porous media subjected to microwave energy. Int J Heat
Mass Trannsf 61:397–408. doi:10.1016/j.ijheatmasstransfer.2013.
02.020
9. Zhu J, Kuznetsov AV, Sandeep KP (2007) Mathematical mod-
eling of continuous flow microwave heating of liquids (effects of
dielectric properties and design parameters). Int J Thermal Sci
46:328–341. doi:10.1016/j.ijthermalsci.2006.06.005
10. Zhu J, Kuznetsov AV, Sandeep KP (2007) Numerical simulation
of forced convection in a duct subjected to microwave heating.
Heat Mass Transf 43:255–264. doi:10.1007/s00231-006-0105-y
11. Zhu J, Kuznetsov AV, Sandeep KP (2007) Numerical modeling
of a moving particle in a continuous flow subjected to microwave
heating. Numer Heat Trnsf A-Appl 52:417–439. doi:10.1080/
00397910601150031
12. Zhu J, Kuznetsov AV, Sandeep KP (2008) Investigation of a
particulate flow containing spherical particles subjected to
microwave heating. Heat Mass Transf 44:481–493. doi:10.1007/
s00231-007-0264-5
13. Datta AK (2007) Porous media approaches to studying simulta-
neous heat and mass transfer in food processes. I: problem for-
mulations. J Food Eng 80:80–95. doi:10.1016/j.jfoodeng.2006.
05.013
14. Salagnac P, Glouannec P, Lecharpentier D (2004) Numerical
modeling of heat and mass transfer in porous medium during
combined hot air, infrared and microwaves drying. Int J Heat
Mass Transf 47:4479–4489. doi:10.1016/j.ijheatmasstransfer.
2004.04.015
15. Ratanadecho P, Aoki K, Akahori M (2001) Experimental and
numerical study of microwave drying in unsaturated porous
material. Int Commun Heat Mass 28:605–616. doi:10.1016/
S0735-1933(01)00265-2
16. Ni H, Datta AK, Parmeswar R (1999) Moisture loss as related to
heating uniformity in microwave processing of solid foods.
J Food Process Eng 22:367–382. ISSN: 01458876
17. Curet S, Rouaud O, Boillereaux L (2008) Microwave tempering
and heating in a single-mode cavity: numerical and experimental
investigations. Chem Eng Process 47:1656–1665. doi:10.1016/j.
cep.2007.09.011
18. Romano VR, Marra F, Tammaro U (2005) Modelling of micro-
wave heating of foodstuff: study on the influence of sample
dimensions with a FEM approach. J Food Eng 71:233–241.
doi:10.1016/j.jfoodeng.2004.11.036
19. Arballo JR, Campan˜one LA, Mascheroni RH (2010) Modeling of
microwave drying of fruits. Dry Technol 28:1178–1184. doi:10.
1080/07373937.2010.493253
20. Bischoff KB, Levenspiel O (1962) Fluid dispersion-general-
ization and comparison of mathematical models-I generalization
of models. Chem Eng Sci 17:245–255. ISSN: 00092509
21. Bischoff KB, Levenspiel O (1962) Fluid dispersion-general-
ization and comparison of mathematical models-II comparison of
models. Chem Eng Sci 17:257–264. ISSN: 00092509
22. Sherwood TK, Pigford RL, Wilke CR (1975) Mass transfer.
McGraw-Hill Book Company, New York
23. Yagi S, Kunii D, Wakao N (1960) Studies on axial effective
thermal conductivities in packed beds. AIChE J 6:543–546.
doi:10.1002/aic.690060407
24. Brown L, Holme T (2010) Chemistry for engineering students.
Brooks Cole, Belmont
25. Michael D, Mingos P, Baghurst DR (1991) Applications of
microwave dielectric heating effects to synthetic problems in
chemistry. Chem Soc Rev 20:1–47. ISSN: 03060012
26. Nu¨chter M, Ondruschka B, Bonrath W, Gum A (2004) Micro-
wave assisted synthesis—a critical technology overview. Green
Chem 6:128–141. ISSN: 14639262
27. Committee on Microwave Processing of Materials: An Emerging
Industrial Technology, Commission on Engineering and Tech-
nical Systems, National Research Council, Microwave Process-
ing of Materials, The National Academies Press, Atlanta, GA
1994
28. Pozar DM (2005) Microwave engineering. Wiley, New York
29. Vande Wouwer A, Saucez P, Schiesser WE (2004) Simulation of
distributed parameter systems using a Matlab-based method of
lines toolbox: Chemical engineering applications. Ind Eng Chem
Res 43:3469–3477. ISSN: 08885885
Heat Mass Transfer (2015) 51:723–733 733
123
